Maltotetraose
(G4)-forming amylase (EC 3.2. showed that the gene exists in a single locus of chromosomeDNAas a single copy.
In this paper, we report purification and characterizations of the two active forms of maltotetraose-forming amylase from Pseudomonas stutzeri MO-19, and discuss the reason for the multiplicity of the enzyme.
Materials and Methods
Microorganism and cultivation. Pseudomonas stutzeri )was isolated from a soil sample in our laboratory and was identified according to the 8th edition of Bergey's Manual of Determinative Bacteriology. The microorganism was cultured in a 30-1 jar fermenter (B.E. Marubishi Co., Ltd.) with a working volume of 201. The medium was composed of 5% dextrin, 1%corn
steep liquor, 0.05% peptone, 1% NH4H2PO4, 0.5% (NH4)2HC6H5O7, 0.1% KH2PO4, and 0.05% MgSO4-7H2O, and the pH of the medium was adjusted to 7.0. The agitation and aeration ratio were 300rpm and 0.5 vvm, respectively, with an inoculum size of 1.0%. The incubation temperature was set at 30°C.
Amylase activity assay. Amylase activity was measured using^ml of JVo soluble starch in 2UmMphosphate butter, pH7.0, as the substrate and 0.2ml of an enzymesolution. The reaction was done for 20 min at 40°C and the reducing sugar produced was measured by the Somogyi7)-Nelson8) amino acid was identified with a SP-8100 analyzer (Spectra Physics Co., Ltd).
Identification of C-terminal amino acids. C-terminal amino acids from the enzyme preparations were released by carboxypeptidase Y.14) The amino acids were analysed as described above.
Analysis ofhydrolysatesfrom starch. A mixture of 10 ml of 5% gelatinized potato starch buffered with 20mM acetate buffer, pH 6.0, and 1 ml ofenzyme solution (2U) was incubated for 16hr at 40°C. The sugar composition of the reaction product was analyzed by high-performance liquid chromatography with an YMCpak PA-03 (YMC)
column.
Adosorption onto raw starch granules. An enzyme solution (12.5 U, 0.5ml) was added to raw starch (0-500mg) in 50mM Tris-acetate buffer, pH 7.0, to give a total volume of5.0ml. After incubation at 4°C for 30min with gentle stirring, the suspension was centrifuged at 4°C and 15,000rpm for 5 min. Enzymatic activity in the resulting supernatant was assayed to estimate the amount of adsorbed enzyme.
Chemicals.
Soluble starch was purchased from Katayama Chemical Industries Co. Amylopectin and glycogen were purchased from Nakarai Chemicals Co. Molecular weight marker proteins were obtained from Bio Rad Lab. Inc. The other chemicals used were of reagent grade.
Results

Production of two active forms of maltotetraose-forming amylase
The course of production of maltotetoraoseforming amylase is shown in Fig. 1 . The enzyme activity reached a maximumof 80 U/ml at 20 hr. Figure 2 shows the presence of two active forms of the enzyme in the culture supernatants.
One active form, G4-l, was observed in 14-65hr culture supernatants, and another active form, G4-2, was detected in 40-1 15hr culture supernatants.
Crude enzyme preparetions for the two active forms, -O-, amylase activity; -A-, cell growth; -å¡-, protease activity. Maltotetraose-forming Amylase during Cultivation.
Lanes: a, culture supernatant at 14hr; b, at 20hr; c, at 25hr; d, at 40hr; e, at 65hr; f, at 90hr; g, at 115hr. Analytical gel electrophoresis was done on a 7.5% polyacrylamide gel slub with a Tris-buffer system, pH 8.3. Culture supernatants were put on and run at a constant current of 30mA.Gels were stained as described in Materials and Methods.
G4-l and G4-2, were prepared from culture broth from 20hr and 90hr culture periods, respectively.
Purification of malto tetraose-forming amylases 1) Purification of G^-l. The dialyzed enzyme solution was put again on a column (2.0x80cm) of DEAE-Toyopearl 650S equilibrated with the same buffer. The enzyme was eluted with a linear gradient of0.05 to 0.25m NaCl in 2,000ml of the buffer. The active fractions were pooled as the purified G4-l, which was homogeneous electrophoretically by PAGE.
2) Purification ofG^-2. G4-2 was purified by the same procedures described for G4-l followed by MonoQ column chromatography.
Thus, two maltotetraose-forming amylases, G4-l and G4-2, were purified about 5.3-and 6.1-fold, respectively, as summarized in Table   I .
Molecular masses and isoeleetrie points
The molecular masses and pi values of the purified G4-l and G4-2 were 57kd and 46kd by SDS-PAGE and 5.0 and 4.8 by gel isoelectrofocusing, respectively.
Amino acid composition, N-terminal sequence, and C-terminal amino acid residue Amino acid compositions of the two forms are presented in Table II . G4-l and G4-2 had similar compositions.
The N-terminal sequence up to the 20th of G4-l was completely identical to that of G4-2, NH2-Asp-Gln-AlaGly-Lys-Ser-Pro-Asn-Ala-Val-Arg-Tyr-His- d Measured spectrophotometrically by the method of Edelhoch.15) Gly-Gly-Asp-Glu-Ile-Ile-Leu-.
Carboxypeptidase Y digestion of G4-l and G4-2 released the C-terminal amino acid residues, as shown in Table III . The C-terminal residue of G4-l was leucine, which was followed by arginine, glycine, and valine in that order, but that of G4-2 was alanine, next to which were glycine and proline.
The in vitro limitedproteolysis of G^-l A in vitro limited proteolysis of G4-l was done as follows: 180jug ofG4-l was mixed with 300pi of Tris-HCl buffer, pH 8.0, and 30//I of cell-free culture supernatant containing 2.8 U/ml protease activity that was prepared from 90hr culture broth. After incubation at 25°C for 20hr, the mixture was used for PAGE analysis.
Protease-treated G4-l showed the same mobilities as G4-2 on PAGE in the presence and absence of SDS, and the protein band corresponding to G4-l disappeared. No loss of enzymatic activity was detected during the limited proteolysis.
Effects of pH and temperature Although both forms had the same optimum pH, pH stability and optimum temperature of 7.0, 6.5-9.5 and 50°C, G4-l was more heat-sensitive than G4-2, as shown in Hydrolysate from starch
There were no substantial differences in the composition of reaction product from starch between the two forms, as shown in Table IV . Maltotetraose was released as the main product, 55.0% and 54.9%, by G4-l and G4-2, respectively.
Kinetic parameters for some substrates The Kmand Fmaxvalues of the two forms for short chain amylose, soluble starch, amylopectin, and glycogen were calculated from Lineweaver-Burk16) plots and are summarized in Table V . For short chain amylose as a low molecular substrate, the Kmvalue ofG4-l was identical to that of G4-2. However, G4-2 showed slightly higher Kmvalues for soluble strach and amylopectin, and a much higher one for glycogen than G4-l.
Adsorbabilities of G4-l and G4-2 onto raw starch granules G4-l adsorbed intensively onto raw starch granules.
The adsorption rate of G4-l was around 90% for 100-500mg of raw starch granules. G4-2, however, showed no adsorption under the same conditions.
Discussion
Pseudomonas stutzeri MO-19produced two active forms, G4-l and G4-2, of maltotetraoseforming amylase with different molecular masses of 57kd and 46kd. Of the two forms, G4-2 was found to arise in the culture fluid after protease activity was produced, as shown in Figs. 1 and 2 . The change of PAGEpattern led us to a suspect that G4-l was converted into G4-2 by the protease activity. This lim- ited proteolysis was reproduced in vitro by using the culture supernatant with the protease activity. The terminal amino acid analysis showed that the N-terminal sequence of G4-l was identical to that of G4-2, while the two forms differed in C-terminal amino acid. It was, therefore, considered that a limited proteolysis of G4-l occurred in the C-terminal region during the cultivation of Pseudomonas stutzeri.
Recently, we identified the nucleotide sequence of this amylase gene from Pseudomonas stutzeri MO-19, and deduced the amino acid sequence of the enzyme. The primary structure is shown in Fig. 4 . The 20 N-terminal sequence ofG4-l and G4-2 was found in the position of Asp-22 to Leu-41 in the deduced sequence.
The first 21 amino acid residues (Met-1 to Ala-21) of the deduced sequence may consitute a signal peptide for secretion. The C-terminus of G4-l, Gly-Arg-Leu-COOH, corresponded to the terminus of the deduced sequence from DNA. The C-terminal sequence of G4-2, ProGly-Ala-COOH, was found in the deduced sequence; Pro-447, Gly-448, and Ala-449. The molecular masses of G4-l and G4-2 calculated from the deduced sequences were 57,547 and 47,915, which were consistent with the values of 57kd and 46kd estimated from SDS-PAGE. Therefore, we concluded that G4-l is composed of 526 amino acid residues, from Asp-22 to Leu-547, and G4-2 consists of 428 amino acid residues, from Asp-22 to Ala-449. It has been reported that three common amino acid sequence are presented in various a-amylases, and that these sequences may constitute the active centers of the enzymes.17) We found that maltotetraose-forming amylase also has regions homologous to the three regions. The commonregions, Asp-133 to Met-139, Gly-210 to Gly-218, and Thr-308 to Thr-315, were residues included in the 428 amino acid residues of G4-2. In spite of some differences in the Km values for glycogen or the adsorbability onto raw starch granule, both forms of the enzyme had the same productivity of maltotetraose from starch as shown in Table IV . The finding suggests that only the 428 amino acid residues on Nterminal side, from Asp-22 to Ala-449, are related to the ability to release maltotetraose. However,we cannot explain the mechanism of the unique action of the enzymefrom a viewpoint of the primary structure. The C-terminal region, Leu-450 to Leu-547, lost by the limited proteolysis, was found to be homologous to the C-terminal sequence of Aspergillus niger glucoamylase Gl.18) The Cterminal segment of the Gl has been suggested to be important in the interaction with raw starch. G4-l of maltotetraose-forming amylase adsorbs onto raw starch, but G4-2 has no adsorbability. We considered that this ability probably involves the C-terminal region specific for G4-1. It is likely that the presence or absence of the region causes the distinct difference in Kmvalues for glycogen between G4-l and G4-2, because the raw starch-affinity of the region might be associated with a second binding site of the enzyme different from the active site. However, we have no evidence for this presumption at the present.
Further studies for maltotetraose-forming amylase are needed to elucidate the role of the C-terminal segment and the reason for a slight higher thermostability of G4-2 which were not discussed in this paper.
